With remote sensing we can readily observe the Earth's surface, but direct observation of the sub-10 surface remains a challenge. In hydrology, but also in related disciplines such as agricultural and 11 atmospheric sciences, knowledge on the dynamics of soil moisture in the root zone of vegetation is 12 essential, as this part of the vadose zone is the core component controlling the partitioning of water 13 into evaporative fluxes, drainage, recharge and runoff. In this paper we compared the catchment-14 scale soil moisture content in the root zone of vegetation, computed by a lumped conceptual 15 model, with the remotely sensed Normalised Difference Infrared Index (NDII) in the Upper Ping 16 River Basin (UPRB) in Northern Thailand. The NDII is widely used to monitor the Equivalent 17 Water Thickness (EWT) of leaves and canopy. Satellite data from the Moderate Resolution 18 Imaging Spectro-radiometer (MODIS) were used to determine the NDII over an 8-day period, 19 covering the study area from 2001 to 2013. The results show that NDII values decrease sharply at 20 the end of the wet season in October and reach lowest values near the end of the dry season in 21
6 surface reflectance products. Each product pixel contains the best possible L2G observation during 160 an 8-day period selected on the basis of high observation coverage, low view angle, absence of 161 clouds or cloud shadow, and aerosol loading. MOD09 (MODIS Surface Reflectance) is a seven-162 band product, which provides an estimate of the surface spectral reflectance for each band as it 163 would have been measured at ground level without atmospheric scattering or absorption. This 164 product has been corrected for the effects of atmospheric gases and aerosols (Vermote et al., 165 2011) . The available MODIS data covering the UPRB from 2001 to 2013 were downloaded from 166 ftp://e4ftl01.cr.usgs.gov/MOLT. The HDF-EOS Conversion Tool was applied to extract the 167 desired bands (bands 2 (0.841-0.876 µm) and 6 (1.628-1.652 µm)) and re-projected into Universal 168
Transverse Mercator (Zone 47N, WGS84) from the original ISIN mapping grid. 169 170 3. Methods 171
Estimating vegetation water content using near infrared and short wave infrared
7 where ρ 0.85 and ρ 1.65 are the reflectances at 0.85 µm and 1.65 µm wavelengths, respectively. NDII 192 is a normalized index and the values theoretically vary between -1 and 1. A low NDII value and 193 especially below zero means that reflectance from ρ 0.85 is lower than the reflectance from ρ 1.65 194 which indicates canopy water stress. 195
The 8-day NDII values, as collected from MODIS, were averaged over each sub-basin to allow 196 comparison to the 8-day average S u (root zone storage) values extracted from the FLEX model 197 results at each of the 8 runoff stations. 198
We did not use field observations of soil moisture. One could argue that field observations should 199 be used to link NDII to moisture stress. However, besides not being available, it is doubtful if 200 point observations at fixed depth would provide a correct measure for the moisture content in the 201 root zone. It is more likely that vegetation distributes its roots and adjusts its root density to the 202 specific local conditions and that the root density and distribution is not homogeneous in space and 203 depth. 204 long as the S i is less than its storage capacity S i,max (mm) (Eq. (4)) (de Groen and Savenije, 2006) . 224
Root zone reservoir 225
The moisture content in the root zone is simulated by a 'reservoir' (Eq. (5)), that partitions effective 226 rainfall into infiltration, and runoff R (mm d -1 ), and determines the transpiration by vegetation E t 227 (mm d -1 ). Being the key partitioning point, the root zone storage reservoir is the core of the FLEX 228 model. For the partitioning between infiltration and runoff we applied the widely used beta 229 function (Eq. (6)) of the Xinanjiang model (Zhao, 1992; Liang et al., 1992) , developed based on 230 the variable contribution area theory (Hewlett and Hibbert, 1967; Beven, 1979) , but which can 231 equally reflect the spatial probability distribution of runoff thresholds. The moisture storage in the 232 root zone 'reservoir' is represented by S u (mm). The beta function defines the runoff percentage C r 233 (-) for each time step as a function of the relative soil moisture content (S u /S u,max ). In Eq. (6), S u,max 234 (mm) is the root zone storage capacity, and β (-) is the shape parameter describing the spatial 235 distribution of the root zone storage capacity over the catchment. In Eq. (7), the relative soil 236 moisture and potential evaporation are used to determine the transpiration E t (mm d -1 ); C e (-) 237
indicates the fraction of S u,max above which the transpiration is no longer limited by soil moisture 238 stress (E t =E 0 -E i ). 239
Response routine 240
In Eq. (8), R f (mm d -1 ) indicates the flow into the fast response routine; D (-) is a splitter to 241 separate recharge from preferential flow. In Eq. (9), R s (mm d -1 ) indicates the flow into the 242 groundwater reservoir. Equation (10) and (11) are used to describe the lag time between storm and 243 peak flow. R f (t-i+1) is the generated fast runoff from the root zone at time t-i+1; T lag is a 244 parameter which represents the time lag between storm and fast runoff generation; c(i) is the 245 weight of the flow in i-1 days before; and R fl (t) is the discharge into the fast response reservoir 246 after convolution. 247
The linear response reservoirs, representing linear relationships between storages and releases, are 248 applied to conceptualize the discharge from the fast runoff reservoir, and slow response reservoir. 249
Eq. (12) presents the water balance of the fast reservoir, in which Q ff (mm d -1 ) is the direct surface 250 runoff, with timescale K ff (d), described by Eq. (13), activated when the storage of fast response 251 reservoir exceeds the threshold S f,max (mm), and Q f (mm d -1 ) is the fast sub-surface flow, with time 252 scale K f (d), described by Eq. (14). The slow groundwater reservoir is described by Eq. (15), 9 d -1 ) is the total amount of runoff simulated from the three individual components, adding up: Q ff , 255 Q f , and Q s . 256
Model calibration 257
A multi-objective calibration strategy has been adopted in this study to allow for the model to summarized in Table 6 . The performance of the model was quite good as demonstrated in Table 7 . 320
In Fig. 5 , the flow duration curves of runoff stations P.20 and P.21 are presented as examples of 321 model performance. Table 7 shows the average Kling-Gupta efficiencies values for I KGE , I KGL and 322 I KGF , which indicate the performance of high flows, low flows, and flow duration curve for the 8 323 runoff stations. The results for the flow duration curve appear to be better than those of the high 324 flows and especially the low flows. However, the overall results are acceptable and can be used for 325 further analysis in this study. 326
Relation between NDII and root zone moisture storage (S u ) 327
The 8-day NDII values were compared to the 8 day average root zone moisture storage values of 328 the FLEX model. It appears that during moisture stress periods, the relationship can be well 329 described by an exponential function, for each of the 8 sub-catchments. Table 8 presents shows that the scaled NDII and S u values are highly correlated during the dry season, but less so 343 during the wet season. These results confirm the potential of NDII to effectively reflect the 344 vegetation water content, which, through the suction pressure exercised by the moisture deficit, 345
relates to the moisture content in the root zone. During dry periods, or during dry spells in the 346 rainy season, as soon as the leaves of the vegetation experience suction pressure, we see high 347
values of the coefficient of determination. 348
If the soil moisture in the root zone is above a certain threshold value, then the leaves are not 349 under stress. In the UPRB this situation occurs typically during the middle and late rainy season. 350
The NDII then does not vary significantly while the root zone moisture storage may still vary, 12 albeit above the threshold where moisture stress occurs. This causes a lower correlation between 352 NDII and root zone storage during wet periods. Interestingly, even during the wet season dry 353 spells can occur. We can see in Fig. 6 , that during such a dry spell, the NDII and S u again follow 354 an exponential relationship. 355 356 We can see that the S u , derived merely from precipitation and energy, is strongly correlated to the 357 vegetation water observed by NDII during condition of moisture stress, without time lag ( Figure 6 , 358 S1, S2). Introduction of a time lag resulted in reduction of the correlation coefficients 359 (Supplementary material). This confirms the direct response of vegetation to soil moisture stress, 360 which confirms that the NDII can be used as a proxy for root zone moisture content. 361
The deseasonalized results of dry periods in sub-catchments P.20 and P.21 are shown in Figure 7 . 362
We found these variations of deseasonalized NDII and S u to be similar in these two sub- In this study, we found that vegetation rather than a problem could become key to sensing the 397 storage dynamics of moisture in the root zone. The water content in the leaves is connected to the 398 suction pressure in the root zone (Rutter and Sands, 1958). If the suction pressure is above a 399 certain threshold, then this connection is direct and very sensitive. We found a highly significant 400 correlation between NDII and S u , particularly during periods of moisture stress. During dry 401 periods, or during dry spells in the rainy season, as soon as the leaves of the vegetation experience 402 suction pressure, we see high values of the coefficient of determination. Observing the moisture 403 content of vegetation provides us with directly information on the soil moisture state in the root 404 zone. We also found that there is almost no lag time between S u and NDII. This illustrates the fast 405 response of vegetation to soil moisture variation, which makes the NDII a sensitive and direct 406 indicator for root zone moisture content. In fact, the canopy acts as a kind of manometer for the 407 root zone moisture content. 408
The validity of the hypothesis 409
In natural catchments, it is not possible to prove a hypothesis by using a calibrated model. There 410 are too many factors contributing to the uncertainty of results: the processes are too heterogeneous, 411 the observations are not without error, the climatic drivers are too uncertain and heterogeneous and 412
finally there is substantial model uncertainty, both in the semi-distributed hydrological model and 413
in the remote sensing model used to determine the 8-day NDII product. In this case we have them highly unreliable in data-scarce environments. On top of this there is considerable doubt if 418 they provide the right answers for the right reasons. 419 This paper is not a modelling study, but a test of the hypothesis whether the observed NDII 420 correlates with the modelled root zone storage. We have seen in Figure 6 that the correlation is 421 strong during periods of moisture stress, but that when the root zone is near saturation the 422 correlation is weak. But we also saw that even in the wet season, during short dry spells, the 423 correlation is strong. Even when the seasonality is removed, the patterns between NDII and S u in 424 There are several reasons why we have not compared our results with soil moisture observations in 445 the field. Firstly, observations of soil moisture are not widely available. Moreover, it is not 446 straightforward to link classical soil moisture observations to the actual moisture available in the 447 root zone. Most observations are conducted at fixed depths and at certain locations within a highly 
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